Objective: We aimed to characterise the magnetic resonance imaging (MRI) features of a case series of primary gliosarcoma, with the inclusion of diffusion-weighted imaging and perfusion imaging with dynamic susceptibility contrast MRI. Materials and methods: We conducted a retrospective study of cases of primary gliosarcoma from the Pathology Department database from January 2006 to December 2014. Clinical and demographic data were obtained. Two neuroradiologists, blinded to diagnosis, assessed tumour location, signal intensity in T1 and T2-weighted images, pattern of enhancement, diffusion-weighted imaging and dynamic susceptibility contrast MRI studies on preoperative MRI. Results: Seventeen patients with primary gliosarcomas had preoperative MRI study: seven men and 10 women, with a mean age of 59 years (range 27-74). All lesions were well demarcated, supratentorial and solitary (frontal n ¼ 5, temporal n ¼ 4, parietal n ¼ 3); 13 tumours abutted the dural surface (8/13 with dural enhancement); T1 and T2-weighted imaging patterns were heterogeneous and the majority of lesions (12/17) showed a rim-like enhancement pattern with focal nodularities/ irregular thickness. Restricted diffusion (mean apparent diffusion coefficient values 0.64 Â 10 -3 mm 2 /s) in the more solid/ thick components was present in eight out of 11 patients with diffusion-weighted imaging study. Dynamic susceptibility contrast MRI study (n ¼ 8) consistently showed hyperperfusion in non-necrotic/cystic components on relative cerebral volume maps. Conclusions: The main distinguishing features of primary gliosarcoma are supratentorial and peripheral location, welldefined boundaries and a rim-like pattern of enhancement with an irregular thick wall. Diffusion-weighted imaging and relative cerebral volume map analysis paralleled primary gliosarcoma with high-grade gliomas, thus proving helpful in differential diagnosis.
Introduction
Primary gliosarcoma (PGS) is a rare central nervous system neoplasm, accounting for from 1.8% to 2.6% of all forms of glioblastoma multiforme (GBM). 1 According to the 2016 World Health Organization classification 2 it is a biphasic tumour, with alternating areas displaying glial and mesenchymal differentiation, it is considered a grade IV tumour and a subtype of GBM IDH-wild type. The mesenchymal metaplastic component may have fibroblastic, osseous, cartilaginous, muscle or adipose cell lineage. 3 The occurrence of similar genetic alterations in both glial and mesenchymal components supports the concept of a monoclonal origin of the metaplastic mesenchymal differentiation from the astrocytic component. 4 The PGS distinguishing features from GBM may be gross macroscopic features, [5] [6] [7] [8] [9] genetic alterations and the greater propensity to metastasise extracranially. 8, 10 It has a slightly worse prognosis than GBM although some cases of long surviving patients have been described. 4 Genetically they have a similar profile to primary glioblastoma, except for a much lower frequency of epidermal growth factor receptor amplification (8% in small series versus up to 50% of primary GBMs). 11, 12 Imaging features of PGS may be identical to GBM and insufficient to distinguish both entities, but some of them occur more frequently in gliosarcomas. 13 The current literature consists mostly of case reports and small case series focusing on clinical and histopathological data, imaging features being sparsely 1 Neuroradiology Department, Centro Hospitalar de São João, Portugal 2 Neurosurgery Department, Centro Hospitalar de São João, Portugal 3 Faculty of Medicine, Porto University, Portugal described. [14] [15] [16] Moreover, to the best of our knowledge, data concerning diffusion-weighted imaging (DWI) were described only by Zhang et al. 16 and Damodaran et al. 17 Zhang et al. 16 also referred to magnetic resonance spectroscopy (MRS), but no data on perfusion magnetic resonance were detailed. We intend to characterise the magnetic resonance imaging (MRI) features of a case series of PGS, including diffusion-weighted imaging (DWI) and perfusion imaging with dynamic susceptibility contrast (DSC) MRI.
Materials and methods
We conducted a retrospective observational study. All patients with a histological diagnosis of brain gliosarcoma from January 2006 to December 2014 were selected from the Pathology Department database. In order to include only PGS, patients with a previous intracranial neoplasm diagnosis were excluded.
To characterise our sample the clinical records were reviewed concerning demographic and clinical data, treatment and outcomes (summarised in Table 1 ). Seventeen patients with PGS constitute our sample: seven men and 10 women, ranging from 27 to 74 years old (mean age of 59 years). The clinical presentation was mostly compatible with an expansive intracranial lesion (more commonly, focal neurological deficit, intracranianal hypertension and seizures).
Eleven patients had a Karnofsky performance status (KPS) of 90 or 100 (64.7%), and two patients had a KPS equal to or below 60 (11.8%), remaining the same after surgery. The postoperative MRI (performed in the first 72 hours after surgery) showed a near total resection in 15 patients (88.2%; more than 90% of the tumour removed) and a complete resection in two patients (11.8%; absence of residual enhancement) ( Table 1) . Following surgery, most of the patients (n ¼ 16) were treated with chemoradiotherapy according to the Stupp protocol. 18 At the time of first progression eight patients (44.4%) underwent surgical re-intervention. With regard to chemotherapy, six patients received bevacizumab plus irinotecan, three patients received procarbazine, lomustine and vincristine, and five patients did not have clinical conditions to receive another treatment ( Table 1 ). The median overall survival was 12 months (ranging from 4 to 31 months; two patients are alive, with 45 months and 18 months of follow-up); the overall survival was calculated from the date of diagnosis to the date of death. One patient developed a pulmonary metastasis 5 months after the diagnosis.
All preoperative brain MRIs were reviewed by two neuroradiologists, blinded to diagnosis, assessing tumour location, signal intensity in T1-weighted images and T2-weighted images, pattern of contrast enhancement, surrounding oedema and behaviour regarding DWI study, and relative cerebral volume (rCBV) maps obtained from DSC MRI. Patients without available preoperative MRI were excluded. MRI scans were performed using a 1.5 Tesla MR scanner (Magnetom Symphony, Siemens, Germany) or 3 Tesla MR scanner (Magnetom Trio, Siemens, Germany) with a standard head coil. Each MRI examination included at least pre-contrast axial T1-weighted spin echo (SE), T2-weighted fast spin echo (FSE) images and fluid-attenuated inversion recovery (FLAIR) images. DWI was acquired in the transverse plane using an SE echo-planar imaging sequence with encoding gradient in three orthogonal directions (b ¼ 1000 s/mm 2 ). The quantitative apparent diffusion coefficient (ADC) was calculated by the mean of three individual regions of interest (ROI) with 5 pixels/0.1 cm 2 placed in the correspondent slice position of T2 FSE (the software for ADC calculation for each ROI is automatic using a monoexponential algorithm). DSC MRI was performed using a fat-suppressed T2*weighted gradient echo echo-planar sequence (TR ¼ 2000 ms at 3 T and 1790 ms at 1.5 T, TE ¼ 30 ms, flip angle 90 , field of vision 210 cm, matrix 128 Â 128, slice thickness 5 mm, gap 1 mm); the tumour was preloaded approximately 3 minutes prior to the acquisition with one fourth of total contrast volume (0.1 mmol/kg of Gd-Dota (Dotarem, Guerbet, France)); images were first acquired at baseline (five datasets) and then during the first pass of a bolus injection of the remaining dose, administrated via an 18 gauge peripheral venous catheter with a power injector at 5 mL/s, followed by a saline flush at the same rate. Post-contrast axial, coronal and sagittal planes T1-weighted images were obtained. Statistical analysis was performed using IBM SPSS Statistics version 22.0 (IBM Corporation, Armonk, NY, USA).
Results
The imaging features of patients with preoperative magnetic resonance are described in Table 2 . All tumours were supratentorial and solitary lesions, located in the frontal lobe in five patients, in the temporal lobe in four patients, in the parietal lobe in three patients and involving more than one lobe in five patients. Thirteen tumours were located peripherally, abutting the dural surface, and eight of them had concurrent dural enhancement. All tumours presented a clear demarcation from the brain parenchyma and have round, lobulated or irregular shapes with surrounding vasogenic oedema. T1 and T2-weighted imaging patterns were generally heterogeneous, with predominant T1 hypointensity and T2 hyperintensity (further detailed in Table 2 ). Only one patient had a tumour with a significant haemorrhagic area (Figure 1 ), although we found a high proportion of patients with small hyperintense foci in T1-weighted imaging (11/17 patients), which suggests small haemorrhagic deposits. The enhancement was marked in all tumours, with the majority of lesions (n ¼ 12) showing a pattern of rimlike enhancement with small focal nodularities or irregular thickness; three patients had a more homogeneous solid enhancement and two patients had a mix pattern with both rim-like and solid components of enhancement; only in one patient was ependymal lining enhancement identified ( Figure 2 ). DWI was performed in 11 of the 17 patients; qualitative analyses of DWI and ADC maps identified areas of restricted diffusion located in the more solid or thick components of the tumour in eight patients (73%) ( Figure 3) ; two lesions had no restricted diffusion; one patient had a compromised appreciation of DWI due to haemorrhage. Mean ADC values were 0.64 Â 10 À3 mm 2 /s (minimum 0.47 Â 10 -3 mm 2 /s and maximum 0.81 Â 10 À3 mm 2 /s) in tumours with components with restricted diffusion and 1.1 Â 10 -3 mm 2 /s in the other two subjects. DSC MRI was obtained in eight patients, and the qualitative analysis of the rCBV maps showed that the non-necrotic/cystic components of the lesion had hyperperfusion; two patients had available the mean perfusion curve after placement of a ROI in a hyperperfusion and enhancing tumour area, with a percentage of signal intensity recovery (PSR) over 60% (Figure 4 ). In the remaining six patients the PSR was impossible to obtain because the studies were older and the acquisition images of DSC MRI were not available.
Discussion
To date, and to the best of our knowledge, the literature contains a limited number of case series reports with more than 10 cases of gliosarcoma. 1, 6, 8, 9, [14] [15] [16] [17] [19] [20] [21] [22] [23] [24] Moreover, only four of those reported on detailed imaging features. [14] [15] [16] 25 PGS is a grade IV tumour according to the WHO classification 26 that shares demographic, clinical and imaging features and management with GBM -ultimately the differentiation is histopathological. 3, 27 PGS is classically characterised as a poor prognosis tumour, with a median survival in untreated patients of 4 months 8 and from 6.25 to 11.5 months in treated patients. 1, 8, [19] [20] [21] [22] The PGS metastasis rate is 11%, 10, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] the lungs being the most frequent location, followed by the liver and lymph nodes. 39, 40 The reported metastatic foci are constituted by biphasic elements [30] [31] [32] or exclusively by sarcomatous component, 28, 34, 35 which points to the sarcomatous component as the potential metastatic source by haematogenous spreading, and corroborates the premise that PGS is a distinct entity from GBM. Due to our reduced sample size we cannot comment further on demographic and clinical features, but they are generally in accordance with previously reported data.
The general imaging pattern of PGS, at a first glance, shares the same imaging features as GBM precluding a safe imaging distinction.
In our series all tumours were supratentorial and more frequently located in the frontal lobe. The temporal lobe 1, 9, 15, 16, 19, 21 and frontal lobe 6, 14, 17, 20, 22, 41 are the more frequent reported locations; this variance may be due to different and usually small sample sizes. Han et al. 14 also described involvement of the corpus callosum and Han et al. 14 and Zhang et al. 16 both described involvement of more than one lobe. Infratentorial, intraventricular and multifocal lesions at presentation are rare; 14, 16, 41 accordingly, in our small sample, we have not found these aspects.
We found a high frequency of peripherally located tumours, which abutted the dural surface (13/17 cases), with concomitant dural enhancement depicted in eight patients. This pattern of predominantly peripheral location has been widely described in previously published studies, and suggests a possible distinguishing feature from GBM. 6, 14, 16 As previously reported, all tumours had relatively smooth and well-demarcated boundaries and peri-lesional vasogenic oedema; however, the possibility of no surrounding oedema has been pointed out. 14, 16 The signal intensity in T1 and T2-weighted imaging is variable and heterogeneous, although described as generally hypointense in T1-weighted imaging and hyperintense in T2-weighted imaging, compared to white matter. Han et al. and Zhang et al. described in their series a high proportion of cases in which the enhancing components of gliosarcoma were less intense/intermediate signal intensity in T2-weighted imaging, postulating that they were the representation of the sarcomatous component. 14, 16 We identified only one patient with a tumour that clearly presented a more iso to hypointense T2 signal solid component (while compared to the signal of white matter) that had a particularly conspicuous enhancement (patient number 13, with 45 months of follow-up) ( Figure 4 ). The areas of hyperintensity on T2-weighted imaging were described as the gliomatous component, with associated necrotic and cystic changes. 14, 16 However, we found that the T2 hyperintensity components (excluding the necroticcystic areas, with the T2 signal more close to cerebrospinal fluid) also had intense enhancement after contrast. Therefore, a more accurate definition of 'intermediate signal intensity in T2' is probably needed, perhaps in comparison to white matter, in order more reliably to compare this feature with the reported findings. As first reported by Han et al. 14 we found a more striking pattern of intratumoral strip enhancement in one patient, possibly related to neoangiogenesis (as in T2-weighted imaging the strips resemble vascular structures) (Figure 3 ), although an irregular thick wall of rim-like enhancement pattern was a frequent feature (12/17 cases). Damodaran et al. 17 described central location with transpendymal infiltration into the ventricles as an opposite pattern to the peripherally situated tumours; we were not able to find other reports concerning ependymal enhancement. We identified one patient with this feature (Figure 2 ), probably due to contiguous tumoural infiltration of the temporal horn of the lateral ventricle; this patient did not present with 'a central location pattern' because the tumour extended from the temporal cortical surface to the temporal horn of the lateral ventricle. Thus, it may be possible to find ependymal lining enhancement once Figure 4 . Brain MRI. Tumour that presents a more iso to hypointense T2 signal in the solid component (a, arrowhead), with a conspicuous enhancement (b, arrowhead). In the non-necrotic/cystic tumour components, the relative cerebral volume map shows hyperperfusion (c, arrow) and the mean perfusion curve has a percentage of signal intensity recovery over 60% (d, continuous line).
the tumour reaches the vicinity of the ventricular system and becomes able to infiltrate by contiguous spreading.
To the best of our knowledge, only Zhang et al. and Damodaran et al. described DWI features. 16, 17 Zhang et al. mentioned the heterogeneous signal of DWI, with relatively high signal intensity areas corresponding to cellular components, while hypointense areas were the necrotic-cystic components, suggesting that this could be useful to display further the different composition of the tumour. 16 However, no detail was provided concerning the relatively high signal areas, namely if they were really areas of restricted diffusion. Damodaran et al. described restricted diffusion in cellular components in 45% of PGS of the cases and a mixed pattern in the remaining tumours. 17 We also found in DWI relatively high signal intensity areas corresponding to cellular components and hypointense areas corresponding to necrotic-cystic components of the tumour in all patients. However, only eight out of 11 patients had a mild restricted diffusion in the more solid components, by ADC maps qualitative evaluation and quantitative analysis (mean ADC of 0.64 Â 10 -3 mm 2 /s (minimum 0.47 Â 10 -3 mm 2 /s and maximum 0.81 Â 10 -3 mm 2 /s). These results are consistent with malignant tumours. 42, 43 Concerning DSC MRI, similar to GBM, we consistently found hyperperfusion in rCBV maps in the more solid components of the tumour. This feature was not characterised in the so far published case series of PGS, being one additional feature to consider that could be helpful in the differential diagnosis. PSR determination could help further in the differential diagnosis, because the two examples that we have found are similar to those found in GBM (distinct PSR from the metastasis, where the PSR is expected to be low). 44 The small sample size and its retrospective nature are the main limitations of our study. The impossibility of determining the PSR derived from the DSC MRI in all patients with perfusion-weighted imaging (PWI) study was a drawback, but we still consider that this report adds further information concerning imaging features of PGS, namely by describing qualitatively and quantitatively the DWI studies, and by detailing the behaviour of these tumours in rCBV maps, although paralleling the DWI and PWI findings with highgrade glioma findings.
In conclusion, this case series illustrates a wide range of potential imagiological appearances of the gliosarcoma, despite all of them apparently being diagnosed with the same WHO criteria.
Overall, we can conclude that when a tumour presents in a supratentorial and peripheral location, with well-defined boundaries, a pattern of enhancement rimlike with an irregular thick wall, gliosarcoma should be included in the list of differential diagnoses. Further studies with a greater number of cases detailing DWI and PWI are needed; however, the presented data may be additional aids to shorten the list of differential diagnoses.
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